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)RRG VSRLODJH FDXVHV FRQVLGHUDEOH HFRQRPLF ORVVHV DQG FRQVWLWXWHV D KHDOWK ULVN IRU FRQVXPHUV GXH WR WKH SRWHQWLDO IRU VRPH
PLFURRUJDQLVPVWRSURGXFHWR[LQV,QWKHODVWWHQ\HDUVWKHUHDUHOLPLWDWLRQVLQWKHPLFURELDOGHFRQWDPLQDWLRQRIIRRGVE\FXUUHQW
PHWKRGV DQG WKH GHYHORSPHQW RI QRYHO WHFKQLTXHV LQ WKLV DUHD ZRXOG EH DGYDQWDJHRXV &RQYHQWLRQDO FRRNLQJ DQG KHDWLQJ
WHFKQLTXHVSURGXFHWKHGHJUDGDWLRQRIWKHSURGXFW
VTXDOLW\DWWULEXWHVDQGQXWULWLRQDOSURSHUWLHVGXHWRWKHLQWHQVHKHDWWUHDWPHQW
DQG VXEVHTXHQWGHVWUXFWLRQRISURWHLQVDQGYLWDPLQV LQFOXGLQJXQGHVLUDEOHFKDQJHV WRRWKHUFKDUDFWHULVWLFV VXFKDV IODYRU DQG
FRORU'LHOHFWULFKHDWLQJKDVEHHQVWXGLHG LQPDQ\H[SHULPHQWVIRUPLFURELDODQGSHVW UHGXFWLRQDQGIRU WKHDELOLW\ WRKHDW WKH
SURGXFW ZLWKRXW PDNLQJ XQGHVLUDEOH FKDQJHV 7KH DLP RI WKLV VWXG\ LV WR PDNH D VKRUW UHYLHZ LQ UHVSHFW WR XQFRQYHQWLRQDO
WUHDWPHQWVRIIRRGZKLFKDUHDOUHDG\LPSOHPHQWHGLQLQGXVWU\RUDUHLQWKHUHVHDUFKDQGGHYHORSPHQWSKDVH
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&RQVXPHUV QRZ H[SHFW IRRG SURGXFWV RI VXSHULRU VHQVRU\ TXDOLW\ DQG LQFUHDVHG IXQFWLRQDO DQG QXWULWLRQDO
SURSHUWLHVFRPELQHGZLWKDWUDGLWLRQDOZKROHVRPHLPDJHDQGJXDUDQWHHGVDIHW\1\FKDVDQG3DQDJRX
&KHPLFDOWUHDWPHQWRIIRRGVEHYHUDJHVDQGZDWHULVEHFRPLQJOHVVSRSXODUZLWKFRQVXPHUVZLWKFRQFHUQVRYHU






DUH WKH WHUPLQRORJ\ GHVFULELQJ VRPH IRRG SURGXFWV DV EHLQJ SURFHVVHG E\ VRXQG ZDYHV PLFURZDYHV OLJKW RU
HOHFWULFLW\ %DUERVD &DQRYDV DQG %HUPXGH]$JXLUUH  ,QQRYDWLYH QRQ WKHUPDO SURFHVVHV IRU IRRG




PRGHODQGUHDO IRRGV\VWHPVZKLOHRWKHUQRYHO WHFKQRORJLHV HJFROGSODVPDDUHVWLOOXQGHUJRLQJ LQLWLDO WHVWLQJ
%DUERVD&DQRYDV DQG %HUPXGH]$JXLUUH  ,Q PLFURZDYH DQG UDGLRIUHTXHQF\ SURFHVVLQJ WKH
HOHFWURPDJQHWLFZDYHV RI FHUWDLQ IUHTXHQF\ DUH XVHG WR KHDW IRRG SURGXFWV*HQHUDOO\ WZR IUHTXHQFLHV  DQG
 0+] IRU PLFURZDYH IRRG SURFHVVLQJ DQG WKUHH IUHTXHQFLHV   DQG  0+] IRU UDGLR
IUHTXHQF\ SURFHVVLQJ DUH XVHG 7HZDUL DQG -XQHMD  (OHFWURPDJQHWLF ZDYHV DUH ZDYHV RI HOHFWULFDO DQG
PDJQHWLF HQHUJ\ PRYLQJ WRJHWKHU WKURXJK VSDFH )(+'  7KH SDSHU SUHVHQWV VLPLODULWLHV DQG GLIIHUHQFHV
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,Q DPDJQHWURQ D FHQWUDO HOHFWURQ HPLWWLQJ FDWKRGH RI KLJKO\ QHJDWLYH YROWDJH LV VXUURXQGHG E\ DQ DQRGH WKDW
LQFOXGHVFDYLWLHV7KHFDYLWLHVKDYHWKHULJKWGLPHQVLRQVWREHUHVRQDQWZLWKWKHLQWHQGHGPLFURZDYHIUHTXHQF\7KH
HPLWWHGDQGDFFHOHUDWHGHOHFWURQVDUHGHIOHFWHGE\DPDJQHWLFILHOGWRVSLUDOPRWLRQV%\SDVVLQJWKHFDYLWLHVHQHUJ\




RI UHFWDQJXODU RU FLUFXODU FURVVVHFWLRQ 'XH WR VPDOOHU ORVVHV ZDYHJXLGHV DUH SURSRVHG IRU XVH LQ KLJK SRZHU
DSSOLFDWLRQV:LWKLQ WKHZDYHJXLGH WXQHUV DUHRIWHQ LPSOHPHQWHG7KHVHFRPSRQHQWV DUHXVHG WRPDWFK WKH ORDG
LPSHGDQFH WR WKH LPSHGDQFHRI WKHZDYHJXLGHDQGFRQVHTXHQWO\PLQLPL]H WKHDPRXQWRI UHIOHFWHGSRZHUZKLFK
RWKHUZLVHZRXOGEHORVWIRUWKHDSSOLFDWLRQ)XUWKHUPRUHFLUFXODWRUV±GLUHFWLRQDOO\GHSHQGHQWPLFURZDYHWUDYHOOLQJ






%\ WKH RWKHU VLGH LQ WKH SDUDOOHO SODWH5) V\VWHPGHVFULEHG LQ ILJXUH E RQH RI WKHVH HOHFWURGHV LV JURXQGHG
ZKLFK VHWV XS D FDSDFLWRU WR VWRUH HOHFWULF HQHUJ\ 7KH WDUJHW PDWHULDO WR EH KHDWHG LV SODFHG EHWZHHQ EXW QRW
WRXFKLQJ WKH SDUDOOHO HOHFWURGHV ,W PXVW EH QRWHG WKDW WKH XVH RI SDUDOOHO SODWH HOHFWURGHV RU µµWKURXJKILHOG´







7KHPHFKDQLVPVRIPLFURZDYHKHDWLQJRI IRRGVFDQEHFDWHJRUL]HG LQWR WZR W\SHVGLSRODU URWDWLRQDQG LRQLF
FRQGXFWLRQILJXUH6RPHGLHOHFWULFPDWHULDOVVXFKDVZDWHUFRQWDLQSHUPDQHQWGLSROHVWKDWWHQGWRUHRULHQWXQGHU
WKHLQIOXHQFHRIDQDOWHUQDWLQJILHOGWKXVFDXVLQJRULHQWDWLRQSRODUL]DWLRQ2]NRFHWDO
:DWHU LQ WKH IRRG LV WKH SULPDU\ GLSRODU FRPSRQHQW UHVSRQVLEOH IRU WKH GLHOHFWULF KHDWLQJ ,Q DQ DOWHUQDWLQJ
FXUUHQWHOHFWULFILHOGPLFURZDYHIUHTXHQF\DQGPROHFXOHVDWWHPSWWRDOLJQWKHPVHOYHVZLWKWKHFKDQJLQJILHOG+HDW
LV JHQHUDWHG UDSLGO\ DV D UHVXOW RI LQWHUQDO PROHFXODU IULFWLRQ 7KH VHFRQG PDMRU PHFKDQLVP RI KHDWLQJ ZLWK
PLFURZDYHVLV WKURXJKWKHSRODUL]DWLRQRI LRQVDVDUHVXOWRI WKHEDFNDQGIRUWKPRYHPHQWRI WKHLRQLFPROHFXOHV
WU\LQJWRDOLJQWKHPVHOYHVZLWKWKHRVFLOODWLQJHOHFWULFILHOG$KPHGDQG5DPDVZDP\







4.1. Dielectric properties 

7KHGLHOHFWULFSURSHUW\PRVW LPSRUWDQW LQ WKHPLFURZDYHD UDGLRIUHTXHQF\KHDWLQJRI IRRGV LV WKH UDWLRRI WKH
GLHOHFWULFSURSHUWLHVH[SUHVVHGDVUDWLRVRI WKHGLHOHFWULFSURSHUWLHVRI IUHHVSDFH7KLVJLYHV WKH UHODWLYHGLHOHFWULF

















VXFFHVVIXOO\XVHG LQ FRPPHUFLDO VFDOH GHK\GUDWLRQRI WH[WLOHV SDSHU DQG VRPH IRRGSURGXFWV 'HY HW DO 
)RRG FRQVWLWXHQWV H[FHSW PRLVWXUH OLSLGV DQG DVK DUH UHODWLYHO\ LQHUW WR SUHVFULEHG0: RU 5) IUHTXHQFLHV ,Q
FRQFOXVLRQIUHTXHQF\RUZDYHOHQJWKGLFWDWHVHTXLSPHQWFRPSRQHQWV$KPHGDQG5DPDVZDP\

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GLUHFWO\ RQ WKH PDWHULDO LWV LQWHULRU FDQ EH KHDWHG ZLWKRXW WKH PHGLDWLRQ RI FRQGXFWLYH KHDWLQJ 7KXV WKH
WHPSHUDWXUH LQVLGH WKH PDWHULDO FDQ EH KLJKHU WKDQ WKH WHPSHUDWXUH DW WKH VXUIDFH &RPPRQO\ WKH HOHFWULF ILHOG
LQWHUDFWV ZLWK WKH SURFHVVHG PDWHULDO IURP DQRWKHU PHGLXP DQG WKHQ WKH GLVWULEXWLRQ RI HOHFWURPDJQHWLF HQHUJ\
LQVLGHDSDUWLFXODUREMHFWFDQEHVLJQLILFDQWO\DIIHFWHGE\ERXQGDU\FRQGLWLRQVDQGREMHFWVKDSH0HOORHWDO
$OWKRXJK VL]LQJ RI WKH HTXLSPHQW LV GLUHFWO\ LQIOXHQFHG E\ WKH VKDSH RI WKH SURGXFWV ,Q UHVSHFW WR WKH KHDWLQJ
FKDUDFWHULVWLFVRIIRRGVWKH\DUHGHSHQGHQWWRDJUHDWHURUOHVVHUH[WHQWRQVRPHWKHUPDOSURSHUWLHVVXFKDVWKHUPDO
FRQGXFWLYLW\GHQVLW\DQGKHDWFDSDFLW\7KHUPDOFRQGXFWLYLW\RIIRRGSOD\VDVLJQLILFDQWUROHLQGLHOHFWULFKHDWLQJ
0DWHULDOV ZLWK KLJKHU WKHUPDO FRQGXFWLYLW\ GLVVLSDWH KHDW IDVWHU WKDQ WKH RQHV ZLWK ORZHU FRQGXFWLYLW\ GXULQJ
PLFURZDYHKHDWLQJ$KPHGDQG5DPDVZDP\

4.4. Temperature and moisture content 
 
'LHOHFWULFSURSHUWLHVPD\YDU\ZLWK WHPSHUDWXUHGHSHQGLQJXSRQ WKHPDWHULDO%RWK WHPSHUDWXUHDQGPRLVWXUH
FRQWHQW FDQ FKDQJH GXULQJ KHDWLQJ DQG WKHUHIRUH WKRVHPD\ KDYH D FRPELQHG HIIHFW RQ WKH GLHOHFWULF FRQVWDQW
GLHOHFWULFORVVIDFWRUORVVWDQJHQWDQGVXEVHTXHQWO\RQWKHKHDWLQJEHKDYLRXU$KPHGDQG5DPDVZDP\
7KHWHPSHUDWXUHRIIRRGSURGXFWVVKRXOGEHFRQWUROOHGRUNQRZQIRUDGMXVWLQJWKHWUHDWPHQWHTXLSPHQWWRREWDLQ





0LFURZDYHKHDWLQJKDVYDVWDSSOLFDWLRQV LQ WKHILHOGRI IRRGSURFHVVLQJRYHUDSHULRGRIVHYHUDOGHFDGHV7KH
DSSOLFDWLRQV RI PLFURZDYH KHDWLQJ LQ IRRG SURFHVVLQJ LQFOXGH GU\LQJ SDVWHXUL]DWLRQ VWHULOL]DWLRQ WKDZLQJ
WHPSHULQJEDNLQJRIIRRGPDWHULDOVHWF*XSWDDQG:RQJ&KDQGUDVHNDUDQHWDO2]NRFHWDO
0LFURELDO LQDFWLYDWLRQ LV EDVHG RQ HOHFWURSRUDWLRQ RI FHOO PHPEUDQHV FDXVLQJ UHYHUVLEOH RU LUUHYHUVLEOH SRUH
IRUPDWLRQGHSHQGLQJRQWKHHOHFWULFILHOGLQWHQVLW\3DOJDQHWDO
0LFURELDO DQGSHVW UHGXFWLRQE\GLHOHFWULFKHDWLQJKDVEHHQ VWXGLHG LQPDQ\H[SHULPHQWV LQFOXGLQJPHDW DQG
PHDWSURGXFWVSRXOWU\HJJVDQGHJJSURGXFWVILVKDQGVKHOOILVKIUXLWDQGYHJHWDEOHSURGXFWVVXFKDVFDQQHGIUXLW
IUXLW MXLFH DQG MDP VR\PLON VXJDU EHHW PRODVVHV SHD SURWHLQ FRQFHQWUDWHV UHDG\FRRNHGPHDOV PLON DQG LWV




7KH PLFURELDO WUHDWPHQW XQGHU PLFURZDYHV LUUDGLDWLRQ LV D IXQFWLRQ RI SRZHU IUHTXHQF\ UDQJH WLPH DQG
WHPSHUDWXUH7KHWHFKQLTXHXVLQJIL[HGIUHTXHQF\PLFURZDYHVKDVEHHQXVHGLQWKHSDVWHXUL]DWLRQRIPLON\RJKXUW
DQGGDLU\SURGXFWVDQGKDVKDGDQHIIHFWRQUHGXFLQJWKHEDFWHULDOFRXQWDQGGHDFWLYDWLQJHQ]\PHVDWDORZHUHQHUJ\
LQSXW OHYHO DQGGHVWUXFWLRQ DV FRPSDUHGZLWK FRQYHQWLRQDOPHDQV RISDVWHXUL]DWLRQ WHFKQLTXHV LQXVH /DPEDQG
6LRUHV0LFKDHOHWDO
,Q WKHLU VWXG\:X DQG <DR  LQYHVWLJDWHG WKH VXUYLYDOV RI ERWK ODEJHQHUDWHG DQG HQYLURQPHQWDO ELR
DHURVROVZKHQH[SRVHGWRWKHPLFURZDYHLUUDGLDWLRQ0+]IRUPLQDWGLIIHUHQWRXWSXWSRZHUVDQG




LQYHVWLJDWHG E\ 0RQWHLUR HW DO  %DQDQD VOLFHV ZHUH GHK\GUDWHG E\ PLFURZDYH YDFXXP 0:9' D
PLFURZDYHPXOWLIODVKGU\LQJSURFHVV0:0)'DQGIUHH]HGU\LQJ7KHUHVXOWVVKRZWKDW LW LVSRVVLEOH WRFUHDWH
GULHGDQGFULVS IUXLWV E\ DSSO\LQJ VXFFHVVLYH F\FOHV RI KHDWLQJ DQG YDFXXP SXOVHV LQ D PLFURZDYH ILHOG 7KH
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0:0)'SURFHVVLVPRUHHIIHFWLYHWKDQWKH0:9'SURFHVVIRUSURGXFLQJGULHGDQGFULVSEDQDQDVZLWKYHU\VKRUW
GU\LQJWLPHVZKHQFRPSDUHGWRIUHH]HGU\LQJWLPHV
1RQWKHUPDO SUHVHUYDWLRQ WHFKQRORJLHV VXFK DV UDGLRIUHTXHQF\ 5) DUH DOWHUQDWLYHV WR SURGXFH VDIH DQG
ZKROHVRPH IRRGV 0DVDQD  5DGLR IUHTXHQF\ WHFKQRORJ\ KDV EHHQ H[SORUHG LQ YDULRXV IRRG SURFHVVLQJ
RSHUDWLRQV VXFK DV SDVWHXUL]DWLRQ DQG VWHULOL]DWLRQ DQG LQVHFW GLVLQIHVWDWLRQV LQ YDULRXV DJULFXOWXUDO FRPPRGLWLHV
VXFKDVIUHVKIUXLWVDQGGU\QXWV7LZDULHWDO






,Q WKHLU VWXG\ RI WKH GLHOHFWULF SURSHUWLHV RI LQVHFW SHVWV LQ IUXLWV:DQJ HW DO  VWXGLHG WKH XVLQJ UDGLR
IUHTXHQF\ 5) HQHUJ\ LQ FRPPHUFLDO SRVWKDUYHVW LQVHFW FRQWURO LQ LQVKHOOZDOQXWV DV DQ DOWHUQDWLYH WR FKHPLFDO
IXPLJDWLRQ$ODUJHVFDOHWUHDWPHQWIRUFRQYH\RU]HGZDOQXWVZDVGHVLJQHGEDVHGRQDN:0+]5)V\VWHP
WR DFKLHYH DQDYHUDJHZDOQXW VXUIDFH WHPSHUDWXUHRI & DQGPLQLPXP WHPSHUDWXUHRI & IRUPLQ7KH
WUHDWPHQWFDXVHGPRUWDOLW\RIILIWKLQVWDUQDYHORUDQJHZRUPODUYDHWKHPRVWKHDWWROHUDQWWDUJHWSHVWLQERWK
XQZDVKHG DQG DLUGULHGZDOQXWV DQGZDV HIIHFWLYH RYHU D UHODWLYHO\ZLGH UDQJH RIZDOQXWPRLVWXUH FRQWHQWV ±
:DOQXWTXDOLW\ZDVQRWDIIHFWHGE\WKH5)WUHDWPHQWVNHUQHOFRORXUSHUR[LGHYDOXHVDQGIDWW\DFLGYDOXHVRI
WUHDWHG ZDOQXWV ZHUH VLPLODU WR XQWUHDWHG FRQWUROV DIWHU  GD\V DW  & VLPXODWLQJ  \HDUV RI VWRUDJH XQGHU
FRPPHUFLDOFRQGLWLRQVDW&7KH5)WUHDWPHQWVOLJKWO\UHGXFHGWKHPRLVWXUHFRQWHQWRIWKHZDOQXWVHVSHFLDOO\WKH
VKHOOV7KH5)WUHDWPHQWGHYHORSHGLQWKLVVWXG\VKRXOGDOVRFRQWUROFRGOLQJPRWK,QGLDQPHDOPRWKDQGUHGIORXU









FRPSDUHG WR WKRVH RI XQWUHDWHG VDPSOHV ZKLOH ILUPQHVV LQFUHDVHG GXULQJ WKH VWRUDJH IRU ERWK KHDW WUHDWHG DQG
XQWUHDWHG VDPSOHV \HW WKH RYHUDOO GLIIHUHQFHV LQ VDPSOH TXDOLWLHV EHWZHHQ5) WUHDWHG EUHDG VDPSOHV DQG FRQWURO
ZHUH QRW VLJQLILFDQW %HFDXVH RI EHWWHU KHDWLQJ XQLIRUPLW\ PXFK ORZHU PHDQ SURGXFW WHPSHUDWXUH DQG VKRUWHU
KROGLQJWLPHZHUHXVHGIRUFRQWURORIP. citrinumVSRUHVZLWKFRPELQHG5)DQGKRWDLU WUHDWPHQWDVFRPSDUHGWR
FRQYHQWLRQDO KHDWLQJ DORQH +HDWLQJ EUHDG WR & RU KLJKHU UHVXOWHG LQ ORJ UHGXFWLRQ RI P. citrinum VSRUHV
LVRODWHG IURPPRXOG\ EUHDG 7KH VWRUDJH OLIH DW URRP WHPSHUDWXUH &ZDV H[WHQGHG E\    GD\V IRU WKH
WUHDWHGZKLWHEUHDG
&DWKFDUW DQG 3DUN VWXGLHG WKH XVH RI 5) KHDWLQJ WR WKDZ IUR]HQ HJJV IUXLWV YHJHWDEOHV DQG ILVK 5DGLR
IUHTXHQF\GLHOHFWULFKHDWLQJ LVQRZZLGHO\XVHG LQ LQGXVWULDO DSSOLFDWLRQV VXFKDVGU\LQJ WH[WLOHSURGXFWV VSRROV










SURFHVV WHPSHUDWXUH FDQ EH DFFRPSOLVKHG LQ RQHTXDUWHU RI WKH WLPH WKDW FRQYHQWLRQDO KHDWLQJ UHTXLUHV 7KLV LV
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SDUWLFXODUO\ WUXH IRU SDUWLFXODWH IRRGV WKDW GHSHQG RQ WKH VORZ WKHUPDO GLIIXVLRQSURFHVV LQ FRQYHQWLRQDO KHDWLQJ
%HLQJVREDFWHULDOGHVWUXFWLRQLVDFKLHYHGEXW WKHUPDOGHJUDGDWLRQRI WKHGHVLUHGFRPSRQHQWV LV UHGXFHGDQG WKH
IRRGNHHSV WKHQXWULWLRQDOYDOXHDQGVHQVRULDOFKDUDFWHULVWLFV LL WKHKHDW LVJHQHUDWHG LQ WKHSURGXFW UDSLGO\DQG
XQLIRUPZKLFKPHDQVWKDWVPDOOKHDWFRQGXFWLYLWLHVRUKHDWWUDQVIHUFRHIILFLHQWVGRQRWSOD\DQLPSRUWDQWUROHLQWKH
KHDWLQJSURFHVV%HLQJVR WHPSHUDWXUHGLVWULEXWLRQFDQEHPRUHXQLIRUPWKDQFRQYHQWLRQDOKHDWLQJ LLL LWFDQEH
WXUQHGRQRURIILQVWDQWO\LYWKHSURGXFWFDQEHSDVWHXUL]HGDIWHUEHLQJSDFNDJHGYWKHV\VWHPVDUHVSDFHVDYLQJ
RUWKH\SURYLGHUHGXFHGQRLVHOHYHOV












5RZOH\ SUHVHQWHG LQKLV VWXG\ WKH DGYDQWDJHVRI5)FRPSDUHG WR DQRWKHUYROXPHWULF WHFKQRORJLHV L
WKHUHLVQRQHHGIRUHOHFWURGHVFRQWDFWLQJWKHIRRGLQFRQWUDVWZLWKRKPLFKHDWLQJWKH5)WUHDWPHQWFDQEHHDVLO\
DSSOLHGWRERWKVROLGDQGOLTXLGIRRGVLLGXHWRWKHORQJHUZDYHOHQJWKRI5)LWVSRZHUZLOOSHQHWUDWHPRUHGHHSO\
LQ WKH IRRGVDV FRPSDUHG WRPLFURZDYHSRZHU LLL WKHFRQVWUXFWLRQRI ODUJH5)KHDWLQJ V\VWHPV LV VLPSOHU WKDQ
WKHLUPLFURZDYH FRXQWHUSDUWV DQG WKHLU DSSOLFDWLRQ WR FRQWLQXRXV SURFHVVHV LV VWUDLJKWIRUZDUG LW LV D WHFKQRORJ\
SDUWLFXODUO\VXLWHGWRODUJHLQGXVWULDODSSOLFDWLRQV
%\WKHRWKHUVLGHWKHPDLQGLVDGYDQWDJHVRIWKH5)WUHDWPHQWDUHLWKHKLJKHUHTXLSPHQWDQGRSHUDWLQJFRVWVIRU
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7HZDUL * -XQHMD 9.   &KDSWHU  0LFURZDYH DQG 5DGLR)UHTXHQF\ +HDWLQJ LQ $GYDQFHV LQ 7KHUPDO DQG 1RQ7KHUPDO )RRG
3UHVHUYDWLRQ%ODFNZHOO3XEOLVKLQJ
7LZDUL*:DQJD6 7DQJ -%LUOD 6/ $QDO\VLV RI UDGLR IUHTXHQF\ 5) SRZHU GLVWULEXWLRQ LQ GU\ IRRGPDWHULDOV -RXUQDO RI )RRG
(QJLQHHULQJ±





=KDR< )OXJVWDG  % .ROEH ( 3DUN -::HOOV -+  8VLQJ FDSDFLWLYH UDGLR IUHTXHQF\ GLHOHFWULF KHDWLQJ LQ IRRG SURFHVVLQJ DQG
SUHVHUYDWLRQ²DUHYLHZ-RXUQDORI)RRG3URFHVV(QJLQHHULQJ±
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